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FIG. 1. Effects of the digitonin level on Ca2+ uptake by permeabilized tubules. Tubule suspensions were incubated for 15 min at 37°C then subjected to the Ca*' compartmentation procedure in the presence of the indicated concentration of digitonin and in the absence of EGTA to permit Ca2+ uptake. Each value is the mean + SE of experiments done at the indicated digitonin level on five separate tubule preparations.
Na-Hepes, pH 7.4, at 37°C. Depending on the experiment, the mixture of tubule suspension and reaction medium also contained varying amounts of digitonin, 3.3 mu ethylene glycol bis(@aminoethyl ether)N,N'-tetraacetic acid (EGTA), 25 PM carbonyl cyanide m-chlorophenyl hydrazone (CCCLP), 30 PM A23187, or 50 PM ruthenium red. After 5 min the tubules were pelleted by centrifugation for 1.5 min at 12,000g. The supernatant was removed and saved, and the pellet was resuspended in 0.4 ml of deionized distilled water. Supernatant and pellet samples were then assayed for protein by the Lowry assay (19) and total Cat+ was measured by atomic absorption spectroscopy (18) . Volume corrections for the amount of medium left with the pellet were based on parallel studies with [3H]inulin. Volumes of medium measured this way averaged 20.1 and 14.1 ~1 for digitonintreated and untreated tubules, respectively.
Reagents. All reagents were of the highest grade commercially available. Biochemical reagents were obtained from Sigma (St. Louis, MO).
Statistics. Most experiments involved repeated measures and were, therefore, assessed by paired t tests or analysis of variance using models accounting for repeated-measure designs. Individual group comparisons in the multigroup studies were then made using the Newman-Keuls test for multiple comparisons (PC ANOVA, Human Systems Dynamics, Northridge, CA).
RESULTS
To optimize the conditions required during the compartmentation protocol to fully permeabilize the tubule cells without impairing their mitochondrial Ca" sequestering capacity, we initially studied Ca2+ uptake by permeabilized tubules over a range of digitonin concentrations and durations of incubation. Figure 1 shows that maximal Ca*' uptake occurred after treatment with 40-90 pg/mg tubule cell protein of digitonin. Figure 2 shows that uptake had peaked by 5 min of incubation, including the time for centrifugation, and was stable for at least an additional 5 min. These conditions were, therefore, used for the compartmentation protocol.
Tubules were subjected to a variety of the maneuvers which had produced consistent alterations of total cell Ca2+ (4-6). Figure 3 summarizes measurements of total cell Ca*' on samples separated from their medium by centrifugation through bromododecane.
The pattern of effects was similar to the earlier studies in that control oxygenated tubules showed a progressive decrease of Ca*+ with 5DT FIG. 3. Total tubule cell Ca" levels measured on tubules separated from their medium by centrifugation through bromododecane. "COLD" tubules were studied prior to incubation at 37°C. "15' C," " 45' C," and "105' C" were control oxygenated preparations studied after those durations of incubation at 37°C. "HYPOXIA" tubules were incubated for 15 min under oxygenated conditions followed by 30 min under hypoxic conditions. "HYPOXIA + R" tubules received an additional 60 min of reoxygenation following hypoxia and were sampled at 105 min of total incubation. "HDOD" tubules were sampled at the end of 30 min of oxygen deprivation under high-density (pelleted) conditions. "HDOD + R" tubules received an additional 60 min of reoxygenation following HDOD and were sampled at 105 min of total incubation. "45' ATP" and "105' ATP" tubules were treated with 250 PM Mg-ATP at 15 min of incubation and were sampled at 45 and 105 min of total incubation, respectively. Vahtes are means -+ SE for experiments on five separate tubule preparations. **P < 0.01 vs corresponding oxygenated time control group. time of incubation, hypoxic tubules had a sharp rise of Ca2+ which then decreased during reoxygenation, tubules which were oxygen-deprived at high density did not have increases of Ca2+, and tubules treated with exogenous ATP had acute rises of Ca2' which then diminished with time. Figure 4 shows the amounts of Ca2' released from these tubule preparations during the compartmentation studies. Treatment of the intact tubules with EGTA released about 5-8 nmole Ca2+/mg protein in all groups except for the hypoxia and hypoxia+ recovery tubule groups, where significantly larger amounts of Ca2+ were removed (Z' < 0.01). The amount of Ca2+ removed by EGTA was not substantially diminished by 50 PM ruthenium red in any of the experimental groups (data not shown).
The amount of additional Ca2+ released by exposing EGTA-treated tubules to CCCLP differed among the groups (Fig. 4) . In control oxygenated tubules, CCCLPreleasable Ca*' progressively decreased with increasing time of incubation at 37°C (P < 0.01). It was much greater in hypoxic than in time control tubules (P < 0.01, hypoxia vs 45 min control), then virtually disappeared when hypoxic tubules were reoxygenated (P < 0.01, hypoxia vs hypoxia+ reoxygenation).
In contrast, CCCLP-releasable Ca2' in tubules oxygen-deprived under high-density conditions as pellets was not significantly higher than in time controls. CCCLPreleasable Ca2+ was very high in ATP-treated tubules at 45 min of incubation (P < 0.01 vs 45 min control), then decreased (P < 0.01, 45 min ATP vs 105 min ATP), and was not significantly different from the time control at 105 min of incubation.
The amount of additional Ca2+ released by exposing EGTA+CCCLP-treated tubules to digitonin was relatively small in all groups and differences among them were not statistically significant (Fig. 4) .
Addition of the divalent cation ionophore A23187 to EGTA+ CCCLP+digitonin released a final increment of Ca2' in all groups. This Ca" release was maximal by the end of the 5-min compartmentation protocol. It was quantitatively similar in 45 min controls, hypoxic tubules, and 45 min ATP-treated tubules and then tended to decrease as these groups were incubated for an additional 60 min under oxygenated conditions (P < 0.05 for time controls, P < 0.01 for ATP-treated, P not significant for hypoxia groups). A23287-releasable Ca2' was slightly but not significantly lower in tubules oxygen-deprived under high-density conditions than in time controls and did not change during reoxygenation.
As shown in Fig. 3 , both hypoxic and ATP-treated Ca"-loaded tubules appear to "recover" since Ca2+ drops during 60 min reoxygenation after hypoxia and is lower in the ATP-treated tubules at 105 min incubation than at 45 min incubation. The data in Fig. 4 , however, indicate that most of these changes in Ca2' can be attributed to pools that can be released by treatment of cells using only EGTA and CCCLP, without measures such as digitonin or A23187 treatment that would affect permeability of the plasma membranes of intact cells. This suggests that the bulk of the elevated Ca2' is in free mitochondria and in mitochondria of cells already damaged to the point of lethal cell injury. The apparent recovery seen during longer incubations would then be explained by spontaneous loss of Ca" from the free mitochondria following the initial uptake phase. Spontaneous release of Ca2+ could occur because the damaged tubules and free mitochondria remain suspended in the normal incubation medium which contains abundant Ca2' and phosphate, conditions which initially favor extensive mitochondrial Ca2+ uptake but then promote Ca2' -mediated inner mitochondrial membrane damage with loss of the accumulated Ca2' (8, 20) . The experiments summarized in Fig. 5 were designed to quantify the extent to which this occurs under the conditions used for tubule incubation. Digitonin was used to deliberately permeabilize intact tubules which had been incubating at either 4 or 37°C in the normal tubule-suspending medium. Incubation was then continued at 37°C with periodic sampling for determination of total tubule cell Ca2+. This procedure differs from the studies summarized in Figs. 1 and 2 where tubules were incubated for only 5-10 min after being mixed with a reaction medium containing digitonin.
Irrespective of whether tubules were initially at 4 or 37°C Ca2' levels immediately rose to approximately 200 nmole/mg cell protein, reflecting uptake of virtually all suspending medium Ca2'. They remained at that level between 10 and 25 min and then spontaneously fell to values approaching initial Ca2' levels.
To test whether ATP-promoted uptake of Ca2+ by free mitochondria and that in permeabilized tubules could contribute to the increases of Ca2' measured in our system (5), 0.4 ml of tubules was added to 0.2 ml of the Ca" compartmentation reaction medium containing digitonin (75.4 + 1.5 pg/mg protein) and supplemental Ca2' to produce a final concentration of 3 mM so that Ca2' availability did not limit uptake. After 5 min of incubation untreated tubules had 236.4 -+ 6.9 nmole Ca'+/mg cell protein, while tubules permeabilized in the presence of 250 PM ATP had 329.0 2 5.3 nmole Ca2'/mg cell protein (P < 0.05, it = 4).
DISCUSSION
The question whether measurements of total cell Caf levels on suspensions of isolated kidney tubules can provide insight into pathogenetically important alterations of cell Ca2+ homeostasis in reversibly injured cells or uninjured cells exposed to exogenous ATP, as opposed to simply reflecting changes in the population of cells which is already lethally injured, and in free mitochondria released from these cells, has been addressed.
This issue is relevant because fluorescent methods for measuring cytosolic Ca2' have been difficult to apply to the freshly isolated tubules. Some success has been reported in preliminary studies (21) , but the results are not as clearcut as in cultured cells or fresh cells from other tissues (2, 22) and many questions remain about the role of altered Ca2+ homeostasis in the development of injury to the isolated tubules (4-6).
Although not an accurate index of cytosolic Ca2+, total cell Ca2+ levels can nonetheless be useful in assessing the role of Ca2' in cell injury because elevations of total cell Ca" of intact cells not yet lethally injured indicate that a disturbance of cell Ca2+ homeostasis requiring the activation of sequestration mechanisms, predominantly mitochondrial, has occurred (7,lO). It has recently been reported, using electron probe microanalysis of a similar rabbit tubule preparation, that marked heterogeneity between cells exists even in normal control tubule preparations. The majority of cells contain negligible mitochondrial Ca*' and have high levels of cytosolic K', suggesting good retention of normal cell membrane permeability and functional properties (23) . The absence 2+ of substantial sequestered intracellular Ca is consistent with findings in studies of hepatocytes by similar techniques (3). However, a subpopulation of tubule cells is characterized by high levels of mitochondrial Ca" and relatively low cytosolic K+ , indicating substantial damage (23) . Cell to cell heterogeneity of Ca*' distribution has also been documented in injured cultured myocytes (24). Although extremely powerful, electron probe microanalysis is not universally available and is cumbersome to apply to large numbers of samples. We have, in these studies, therefore, applied an alternative approach to assess the subcellular compartmentation of Ca*+ in the isolated tubule preparation. This involved using digitonin and agents which impair subcellular sequestration of Ca*'.
Previous studies using such approaches have been mainly with isolated hepatocytes and myocytes. They assessed Ca*' distribution either in very high quality preparations of normal cells (12) (13) (14) or during injury characterized by no changes or decreases in total cell Ca*' (11, 16) . The tubule preparation has much higher total Ca*+ levels than the isolated hepatocytes or myocytes and these levels are further increased by the maneuvers we studied. Two prior reports containing information on Ca*+ compartmentation in the tubule preparation did not extensively evaluate conditions which increased cell Ca*' and did not focus on distinguishing between changes in intact and severely damaged cells (15, 16) . Under our study conditions, digitonin, at a concentration of 40-90 pg/mg tubule protein, rapidly permeabilized the tubule cells but did not impair the ability of their mitochondria to actively sequester and retain Ca*' for sufficient time to process samples accurately during the compartmentation protocol. These concentrations of digitonin are similar to those which were required for optimal permeabilization of the plasma membrane to ADP during studies of its effects on tubule cell respiration (25) .
Treatment with EGTA alone removes superficial Ca*+ rapidly, but depletes Ca*' from intact cells (2, 26) and energized, undamaged free mitochondria (8, 10, 27) at a slower rate. The retention of large sequestered pools of Ca*+ after treatment with EGTA alone during the compartmentation protocol (Fig. 4) suggests that the fraction of total cell Ca*+ removed by EGTA is a reasonable estimate of the amount bound to superficial sites on intact cells and present within very damaged free mitochondria.
Most prior Ca*' compartmentation protocols have employed Ca*+-free incubation conditions rather than EGTA (11) (12) (13) (14) (15) (16) (17) . This was in part dictated by their use of metallochromatic dyes to assess Ca*+ movement. The larger pool of Ca*+ in the tubule preparation allowed measurements by atomic absorption spectroscopy. The use of EGTA permitted us to subject tubules to the compartmentation protocol immediately after the desired experimental maneuver without an intervening wash or cell separation procedures that could themselves have altered the distribution of Ca*' or types of cells in the preparation. CCCLP added to EGTA will deenergize mitochondria (lO,ll-17), releasing their actively sequestered Ca*'. Ca*' in free mitochondria will be released directly to the medium and immediately chelated. Ca*+ released from intracellular mitochondria must first be transported across the plasma membrane. That process is potentially rapid, but it requires either ATP to drive the Ca"'-ATPase or a transmembrane Na+ gradient to drive Na+-Ca*+ exchange. Although the relative WEINBERG, DAVIS, AND TRIVEDI activity of each of these processes in the renal tubule remains to be clarified, both would be expected to be rapidly and coordinately impaired by CCCLP in the isolated tubule preparation since CCCLP-treated, oxygenated tubules decreased their ATP levels to 5.2 * 0.4% of normal within 60 set (n = 4). ATP availability and the transmembrane Na+ gradient are further limited in those tubules studied at the end of oxygen deprivation prior to reoxygenation (4, 5) . For these reasons it is likely that Ca*+ acutely released by CCCLP reflects Ca*+ mainly present in free but still relatively well-energized mitochondria with some contribution by the limited amount of Ca*' which can be extruded from intact cells.
Digitonin, by eliminating the plasma membrane barrier, facilitates removal of Ca*' released from mitochondria within intact cells. Thus, the difference between Ca*+ released by CCCLP + EGTA and CCCLP + EGTA + digitonin provides an estimate of the amount of Ca" sequestered within the mitochondria of cells which still have relatively intact plasma membranes.
It is of interest that the effects of digitonin on Ca*' release have generally not been detailed in prior reports using uncouplers to analyze cell Ca*' compartmentation (11) (12) (13) (14) (15) (16) (17) . In a study of hepatocytes where its use was mentioned (13), digitonin did not enhance uncoupler-induced Ca*+ release from isolated hepatocytes. This was taken to indicate that the uncoupler itself was sufficient to release all Ca*+ sequestered in mitochondria within cells. In view of recent electron probe X-ray microanalysis data suggesting that mitochondria of intact hepatocytes may not contain sufficient Ca*' to account for the Ca*' release observed (3), it is conceivable that the release measured after uncoupler was actually from the small population of damaged, already permeabilized hepatocytes and free mitochondria present in the preparation. Our data showing that digitonin does not appreciably enhance Ca*+ release from uncoupler-treated tubules suggest that the mitochondrial Ca*+ pool of intact tubule cells remains extremely small under all conditions studied and that the large increases of Ca*+ seen in hypoxic and ATP-treated tubules reflect predominantly changes which have occurred in severely damaged cells and in mitochondria already released from them. Since mitochondria are clearly still capable of sequestering Ca* + under the hypoxic incubation conditions, the lack of mitochondrial Ca*' overload in intact cells during hypoxia suggests that cytosolic Ca*' may not rise in these cells during hypoxia to a degree sufficient to evoke mitochondrial-sequestering mechanisms. This conclusion is consistent with data obtained using fura-in primary cultures of isolated hepatocytes (22) and aequorin in myocytes (28) , which showed no effect of severe ATP depletion on cytosolic Ca*' prior to cell death. A preliminary report using fura-in isolated tubules also failed to detect increases of free cytosolic Ca*' prior to anoxia-induced cell death (21) .
Based on effects reported for other cell types, there are several mechanisms by which treatment with exogenous ATP could alter tubule cell Ca2' metabolism. ATP could activate polyphosphoinositide turnover, resulting in release of Ca*+ from nonmitochondrial intracellular pools (29) , it could directly increase plasma membrane Ca*+ permeability (30) , it could modify mitochondrial Ca*' handling within intact cells by altering intracellular nucleotide levels (5), or it could act directly on free mitochondria and those in damaged cells to increase their Ca2' uptake from the medium (g-10). As discussed for the hypoxia-induced increases of total cell Ca*+, the absence of increased uncoupler-sensitive pools requiring digitonin for release after ATP treatment argues against a contribution of mitochondria within intact cells to the changes of total cell Ca*+ and suggests these are predominantly due to the effects of ATP to increase uptake and retention of Ca*+ by free mitochondria and those in damaged cells. The final Ca2' pool assessed with the compartmentation protocol was measured as the difference between Ca2' left in EGTA, CCCLP, and digitonin-treated tubules and Ca2' left in EGTA, CCCLP, digitonin, and A23187-treated tubules. At the high concentration used, the ionophore A23187 effectively permeabilizes all subcellular membranes to Ca2' (31), allowing Ca2' to be removed by the medium EGTA. In the present study, A23187-releasable Ca2' did not differ between time controls, hypoxic tubules, and ATP-treated tubules but tended to decrease with increasing incubation time in all groups.
The incremental release of sequestered Ca2' induced by A23187 above that induced by mitochondrial uncouplers has generally been attributed to release of nonmitochondrial Ca" stores (11) (12) (13) (14) (15) (16) (17) and independent variation of mitochondrial and nonmitochondrial sequestered Ca2+ pools as determined by this methodology has been reported for chemically injured hepatocytes (11) . Unfortunately, comparison of the effect of A23187 in the presence and absence of digitonin, as was done with CCCLP to discern the intracellular component, is not possible because of the effects of A23187 to freely equilibrate Ca2' across all intracellular membranes independently of the presence of digitonin. This has been confirmed for our system by direct measurements of Ca2+ removed by A23187 with and without digitonin present: There was no difference.
It is possible that A23187 releases, in addition to nonmitochondrial Ca'+, a more tightly bound intramitochondrial Ca2+ pool which is not released by CCCLP. This is suggested by unpublished observations we have made on the effects of treating isolated rat renal cortical mitochondria with CCCLP and A23187. Highly enriched isolated mitochondria always had distinct A23 187-releasable pools in addition to those released by CCCLP. However, that Ca" could also have come from microsomal fragments adherent to the mitochondria or otherwise contaminating the preparation. Further studies will be needed to resolve this issue.
The data in this paper also provide insight into the mechanisms for the decreases of Ca2+ observed over time in oxygenated tubules and during reoxygenation of hypoxic tubules. The study summarized in Fig. 5 , where normal tubules were permeabilized with digitonin at 4.5 min of incubation and then followed for an additional 60 min, corresponds to the situation where free mitochondria and those in severely damaged cells of hypoxic preparations contribute to the rises of Ca*' measured at the end of hypoxia. Since the mitochondria cannot indefinitely retain maximal levels of Ca*+ in the tubule incubation medium at 37"C, much of that Ca*+ is lost during continued incubation so that total levels fall during 60 min of reoxygenation.
An analogous situation occurs in the freshly isolated, control oxygenated tubules where Cazt sequestered at high levels in the small numbers of initially damaged tubule cells and their mitochondria is lost during prolonged incubation at 37°C. The fact that increased Ca2+ levels in oxygenated preparations treated with ATP decline over time can be similarly explained by an effect of ATP to increase Ca2+ uptake by mitochondria from the small population of damaged cells immediately upon exposure to the high levels of ATP. With continued incubation and degradation of the added ATP (S), the same release process seen in the deliberately permeabilized tubules takes place.
SUMMARY
Substantial increases of total cell Ca2' have been observed in suspensions of isolated rabbit proximal tubules subjected to hypoxic injury or treated with exogenous ATP followed by apparent recovery with reoxygenation of the hypoxic tubules or continued incubation of ATP-treated tubules. Ca2' compartmentation studies using digitonin and metabolic inhibitors were done to clarify the basis for these changes. Digitonin, 40-90 pg/mg tubule protein, rapidly permeabilized the tubule cells and did not impair mitochondrial Ca2' sequestration. Most of the increases of tubule cell Ca2' produced by hypoxia and ATP were accounted for by pools which could be rapidly removed by exposure of tubules to EGTA and the uncoupler carbonyl cyanide m-chlorophenyl hydrazone without concomitant use of digitonin, suggesting that the changes of Ca2+ predominantly reflect sequestration by mitochondria in severely damaged cells or mitochondria already released to the medium from them. The time course of uptake followed by spontaneous release of mitochondrial Ca2+ from tubule cells deliberately permeabilized with digitonin, then incubated for prolonged periods, indicated that the decreases of tubule cell Ca2' during reoxygenation of hypoxic suspensions and prolonged incubation of ATP-treated tubules were likely to be attributable to loss of Ca2' from free mitochondria and those in damaged cells rather than to extrusion by intact cells.
